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ABSTRACT Enzymes are thought to use their ordered
structures to facilitate catalysis. A corollary of this theory
suggests that enzyme residues involved in function are not
optimized for stability. We tested this hypothesis by mutating
functionally important residues in the active site of T4 ly-
sozyme. Six mutations at two catalytic residues, Glu-11 and
Asp-20, abolished or reduced enzymatic activity but increased
thermal stability by 0.7-1.7 kcal mol-1. Nine mutations at two
substrate-binding residues, Ser-117 and Asn-132, increased
stability by 1.2-2.0 kcal-mol'1, again at the cost of reduced
activity. X-ray crystal structures show that the substituted
residues complement regions of the protein surface that are
used for substrate recognition in the native enzyme. In two of
these structures the enzyme undergoes a general conforma-
tional change, similar to that seen in an enzyme-product
complex. These results support a relationship between stabil-
ity and function for T4 lysozyme. Other evidence suggests that
the relationship is general.

The ordered, functional structures of proteins reflect two
tendencies that are often opposed. On one hand, proteins fold
to minimize their free energy. On the other hand, they
organize themselves to recognize a ligand or a transition state
(1). Minimizing free energy leads to well-packed hydrophobic
interiors and hydrophilic exteriors (2). Maximizing function
leads to active-site clefts where charged and polar groups are
sequestered from water (3, 4) and where hydrophobic patches
are exposed to solvent.
The hypothesis that there is a balance between stability and

function can be stated most strongly as follows: protein residues
that contribute to catalysis or ligand binding are not optimal for
protein stability. This "stability-function" hypothesis predicts
that it usually should be possible to replace residues known to be
important for function, reducing protein activity but concomi-
tantly increasing stability of the folded protein.
Here we describe experiments that directly test the stability-

function hypothesis in T4 lysozyme, an enzyme well charac-
terized for the effects of mutation on structure and stability
(5). Five residues were replaced (Table 1 and Fig. 1). These
included two residues implicated in chemical catalysis, Glu-11
and Asp-20 (9, 11, 12), as well as thyee others thought to have
a role in substrate binding, Gly-30, Ser-117, and Asp-132. We
measured the thermodynamic stability and kinetic activity of
the mutant lysozymes. To determine the structural conse-
quences of the substitutions, we determined x-ray crystal
structures for several of these proteins.

MATERIALS AND METHODS
Mutagenesis and Protein Purification. Mutations were

introduced into the T4 lysozyme gene borne by M13 phage
derivative M13mpl8 T4e by mismatched oligonucleotides us-
ing the method of Kunkel et al (13) as detailed (6, 14).

Table 1. Stability and activity of T4 lysozymes with substitutions
in the substrate-binding site

ATm,t AAGstability,t AHl (Tm), Relative
Protein °C kcal mol-1 kcal mol-I activityt

WT 0 0 140 1
WT* 0 0 131 1
EllF 4.3 1.7 138 <0.0001
EllM 4.1 1.6 134 <0.0001
EllA 2.6 1.1 137 <0.0001
E11H 0.1 0.1 125 <0.0001
ElIN -0.6 -0.1 119 <0.0001
D20N 3.1 1.3 139 <0.0001
D20T 2.2 0.9 135 <0.0001
D20S 1.6 0.7 129 <0.0001
D20A -0.8 -0.3 127 0.0005
G30A 0.1 0.1 134 0.0005
G30F -4.9 -1.5 99 <0.0001
S117V 5.1 2.0 133 0.05
S117I 4.2 1.7 128 0.005
S117F 2.8§ i.l§ 132§ 0.1
N132M 3.6 1.5 134 0.4
N132F 3.3 1.3 134 0.4
N132I 3.0 1.2 140 0.2
S117A/N132I 5.3 2.0 121 0.2
S117A/N132M 4.7 1.8 120 0.3
S1171/N132M 5.5 2.0 123 0.002
S117I/N132I 3.6 1.4 117 0.003

tPositive values indicate stabilized proteins; negative values indicate
destabilization. Numbers are relative to wild type (WT) [melting
temperature (Tm) = 66.480C], except for the D20 substitutions, ElIN,
ElIH, S117A/N1321, and S117A/N132M, which were made in the
pseudo wild-type (WT*) background (6), and were compared to this
protein (Tm = 65.10°C). Comparing the WT and WT* proteins,
AGWT* - AGWT at 68.4°C is -0.53 kcal-mol-1. Reversibilities
improved as scan rate increased from 1 to 4°C-min-I for all proteins
except EllF, where obvious precipitation resulted after thermal
melting. Proteins for which reversibility did not exceed 75% were
EllM and G30F. The substitution S117A has been measured to have
a AAG of 1.3 kcalPmol-1 (7), and that for N132A was inferred to be
0.3 kcal mol-h (8), although it has not been determined directly.

*Activities of the mutant proteins were compared with the WT or
WT* rate by dividing the initial reaction rate of the mutant lysozyme
by the initial rate ofWT or WT* to get relative rates. The initial rate
of the WT enzyme was 13 ,umol min-l mg-l ml-1 of 1-acetylglu-
cosamine equivalents (9).
§From ref. 10.

Mutations were made in either the WT or the WT* T4
lysozyme (6) sequence. Mutant T4 lysozyme sequences were
subcloned and expressed in plasmid expression vector
pHN1403 (14). Escherichia coli strain RR1 was transformed
with the subcloned plasmid mixtures, and ampicillin-resistant
transformants were isolated. Clones bearing the mutant T4

Abbreviations: WT, wild type; WT*, pseudo-wild type; Tm, melting
temperature.
tPresent address: Kirin Brewing Company, Ltd., Central Laboratories
for Key Technology, 1-13-5, Fukura, Kanazawa-ku, Yokohama, 236,
Japan.
ITo whom reprint requests should be addressed.
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FIG. 1. Comparison of the stability and activity of mutant lysozymes; data from Table 1. (A) Stability relative to the native protein (positive
values indicate variants more stable than WT). (B) Activity relative to the native protein.

lysozyme genes were identified, grown in liquid culture, and
stored in glycerol at -80°C (14). Mutant protein was produced
from fermentation broths grown from these glycerol stocks
and column-purified as described (14).

Stability Measurements. Two-state van't Hoff thermody-
namic parameters were determined from circular dichroism
(CD)-monitored thermal melts ofT4 lysozyme mutants in 0.10
M sodium chloride/0.086 M sodium acetate/0.014 M acetic
acid, pH 5.42 (15). The enthalpy of unfolding (AH) was

determined at the Tm of the mutant proteins. Tm and AH at Tm
were not functions of scan rate for any mutant, but both are

approximations in the case of mutant El iF where precipita-
tion occurred upon unfolding (Table 1).

Isothermal differences in free energies of unfolding, AAG,
were calculated from Tm and AH at Tm, using a constant ACP
model at 68.4°C, the average value of Tm for all proteins with
>75% reversibility. The value of ACP was taken as 3.5
kcal mol-l deg-1. Variation of ACP from 1.5 to 5.5 kcal-
mol-l'deg-I shifted the mean absolute value of the mutant
AAG values by ±20 cal mol- with the worst case being mutant
G30F, which has both a Tm well away from the isotherm as well
as a slightly lowered AH (Tm). Random error estimates for
AAG are ±0.1 kcal mol-I for mutants with stabilities close to

WT and WT* but increased with Tm due to the shortened

posttransition baselines. For the highest Tm value we estimate
the random error in AAG to be ±0.3 kcalPmol-1. All Tm and
AlH values are averages of at least four independent thermal
denaturations.

Activity Measurements. Enzymatic activity was measured by
monitoring the production of reducing sugars, over time, as the
mutant lysozymes digested E. coli cell walls (9). Assays were
run in 50 mM sodium phosphate, pH 7.6 at 22°C. Cell walls for
the assay were prepared according to Becktel and Baase (16),
but the trypsin treatment of the washed cell walls was omitted.
The cells were used at an OD600 of 0.4. Enzyme concentrations
were adjusted to allow the rates to be measured over a similar
time course. The dynamic range of the assay was 1.4 OD690
units.

Crystallography. Protein crystals were obtained by vapor
diffusion using a "hanging-drop" method (17). X-ray diffrac-
tion data were collected using a Xuong-Hamlin multiwire
detector. Structures were refined with the program TNT (18)
(see Figs. 2 and 3), and crystallographic models were built with
o (19).

RESULTS

The catalytic residues (9, 11, 12) Glu-11 and Asp-20 were

changed to obtain the following mutant lysozymes: EliN,
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E11H, EllA, EB1M, and EliF; D20A, D20S, D20T, and
D20N. Of these nine mutant lysozymes, eight had no measur-
able enzymatic activity and the ninth, D20A, was reduced
2000-fold (Table 1). Six of the proteins were stabilized against
thermal denaturation by 0.7-1.7 kcal mol-1 relative to the WT
or WT* (6) proteins. D20A, EliN, and E11H were either
slightly destabilized or unaffected by the mutation.

Ser-117 and Asn-132, which interact with the peptide part of
the cell-wall substrate (11), were also mutated, as was Gly-30,
which contributes to saccharide binding (11, 12). Relative to
WT, S1171 and S117V were stabilized by 1.7 and 2.0
kcal mol-1, respectively, whereas enzymatic activity was re-
duced by 200- and 24-fold. Proteins N132M, N132I, and N132F
were stabilized by 1.2-1.5 kcal mol-1, but activity was reduced
2.5- to 5-fold (Table 1). G30A was slightly stabilized, whereas
G30F was destabilized by 1.5 kcal mol-1; both substitutions
substantially reduced enzymatic activity.

X-ray crystal structures of the stabilized lysozymes D20N,
D20S, EliM, and EllA were determined (Figs. 2 and 3), as
were those for the destabilized lysozymes D20A and EllN and
El 1H. Like the native Asp-20, the side-chain oxygens of Ser-20
and Asn-20 hydrogen-bond to main-chain nitrogens of resi-
dues 22 and 24. No such interactions are apparent in mutant
D20A, consistent with its lower stability. These substitutions
caused little change overall in the protein structure.
The changes in the structures of the stabilized lysozymes

EliM and EllA were more dramatic (Fig. 3). Both substitu-
tions led to an overall "hinge-bending" motion of the protein.
The N- and C-terminal domains were rotated toward each
other, by 3.7° for mutant EliM and 3.4° for EllA, partially
closing the active site. This global motion resembles that seen
in the structure of the complex between product and enzyme
(11), where the rotation was 5.1°. Mutant lysozymes EllN and
El 1H are approximately stability-neutral and exhibit no hinge-
bending motion.

DISCUSSION

We began with the hypothesis that residues in a protein that
participate in catalysis are not optimized for stability. If this
were true, it should be possible to substitute for such residues,

reducing the activity of the protein but concomitantly increas-
ing its stability. The present results are consistent with this
hypothesis. At the five sites tested, substitutions were identi-
fied that decreased the activity but increased the stability ofT4
lysozyme (Table 1 and Fig. 1). Strikingly, many of these
substitutions stabilize T4 lysozyme more than previously char-
acterized point mutations (5). The only known point mutation
that stabilizes the protein in this range is Ser-117 -> Phe (10)
(AAG = 1.1 kcal mol-1, Table 1), but this site is now known to
be in the substrate-binding region (11), consistent with the
stability-function hypothesis. Not all substitutions at the sites
tested stabilize the protein. This result is not inconsistent with
the stability-function hypothesis because not every substitu-
tion at a given site is predicted to be stabilizing; this is a point
to which we shall return. We also note that there are additional
residues that contact the substrate (11) that remain to be
tested.
For those mutants that are stabilized, the increase in sta-

bility appears to have a similar origin: the native protein is
preorganized to complement the ligand or the transition state,
whereas the substituted residues complement their local pro-
tein environment. Because this local environment is the sub-
strate-binding site, the increased stability of the mutants comes
at the expense of catalytic activity. The improved complemen-
tarity of the substituted residues for their local environment
can arise from improved electrostatic, van der Waals, or
hydrophobic interactions or through a reduction of strain
present in the native protein [Warshel and coworkers (4) have
described a theoretical basis for the relationship between
stability and the electrostatic component of preorganization in
active sites].

Glu-11 is thought to act catalytically as a proton donor (11,
12). Consistent with this role, its pKa in folded lysozyme is 1.2
units higher than that of an unperturbed glutamate (20). This
pKa perturbation may be thought of as "strain" energy; it is a
cost of catalysis that the native protein pays on folding but that
the mutants do not pay because they are uncharged [mutants
EllA, EliM, and EliF are 1.2-1.3 kcal mol-1 more stabilized
relative to WT at pH 5.4 than they are at pH 3.01 (data not
shown). At the lower pH the pKa perturbation cost should be
small]; the reduction or elimination of electrostatic "strain" in

FIG. 2. Superposition of the
structures of mutant D20A (yellow),
mutant D20S (cyan), mutant D20N

_ (green), and WT* (magenta), in the
region of residue 20. The Ca carbons
are shown except for positions 22-
24, where the main-chain atoms are
shown, and position 20, where the
full residues are shown. Hydrogen
bonds between the main-chain ni-
trogens of residues 22 and 24 and
side-chain oxygens of the Ser-20 and
Asp-20 are explicitly drawn (yellow
dashed lines). For WT* and mutant
D20N structures, the hydrogen-
bond distances were 2.7-2.9 A. For
;he mutant D20S structure, the
hydrogen-bond distances are 3.2
and 3.3 A. The crystallographic
statistics for the three structures
are as follows: resolution, 1.85-2.0
A; data completeness, 88-90%;
agreement between equivalent in-
tensity measurements, Rmerge, 3.1-
4.5%; crystallographic R factor,
16.2-16.9%; rms discrepancies in
bond lengths 0.015-0.016 A and in
bond angles 2.6-2.8° relative to
ideal values.
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FIG. 3. Superposition of the structures of mutant EllM (green),
mutant EllA (white), and WT (red). The structures have been
overlaid by using their N-terminal domains (residues 1-59). The
C-terminal domains (residues 80-160) of mutants EllM and EllA
closely overlap, but because of the domain "hinge-bending", they are

displaced relative to the C-terminal domain of the WT protein (rms
deviation to WT, 0.80 and 0.73 A; rms deviation to each other, 0.36
A). The Cc atoms of Gln-141 and Thr-21, which help define the
entrance to the active site, have moved together by 1.1 A in mutant
El iM compared with WT (magenta arrows). Data completeness was

92% to 2.5-A resolution for mutant ElBM and 94% to 2.8-A resolution
for mutant EllA. The crystallographic statistics were as follows:
Rmerge, 5.9% and 7.4%; R factor of 16.7% and 14.5%; rms bond lengths
of 0.018 and 0.016 A and rms angles of 2.5° and 2.4%, relative to ideal
values.

the mutant proteins (at pH 5.4) contributes to their increased
stability compared with native lysozyme. This reduction of
electrostatic "strain" also inactivates them: the mutant pro-
teins have no proton to donate to the substrate. Hydropho-
bicity also seems to contribute to stability at this site; substi-
tutions that take advantage of opportunities for burying non-

polar surface area are more stable than those that do not. Thus
EliF and ElBM are more stable than EllA, and all three are

more stable than E11H or El 1N. This observation is consistent
with the crystal structure of EliM, where Met-11 packs
against a nonpolar surface in the active site. E1lH and EliN,
which are approximately stability-neutral, presumably gain
energy through removal of the carboxylate function but lose
energy because they introduce polar atoms in place of the
methylene part of the glutamate side chain. Their difference in

shape relative to the glutamate could also result in unfavorable
steric interactions.
Changes in the polarity of the side chain at site 11 seem to

be associated with a global change in structure. Mutants with
alanine or methionine undergo a hinge-bending motion that
partly "closes down" the active site. Mutants with asparagine
or histidine, as well as the wild-type glutamate, do not display
this conformational change. It may be the reduction in polar
surface area at position 11 that allows the N- and C-terminal
domains to partly close down upon each other. In a complex
of lysozyme with peptidoglycan (11), which also displays this
global motion, the polar surface area of Glu-11 is buried by
ligand atoms. These two similar structural accommodations,
the one responding to apolar substitutions of a catalytic
residue, the other responding to ligand association with this
residue, may reflect a similar energy balance and mechanism.
Asp-20 has been proposed to participate in the nucleophilic

attack on the substrate (9), although other roles have not been
excluded (11). One of the side-chain carboxyl oxygens of
Asp-20 forms two hydrogen bonds to main-chain nitrogens
that fix its orientation relative to the active site (Fig. 2). The
second carboxylate oxygen is partly buried from solvent and is
uncompensated by surrounding residues, possibly freeing it to
interact with the substrate. Freedom to interact with substrate
implies failure to complement its local protein environment.
The stabilizing substitutions Asp-20 -> Asn and Asp-20 -> Ser,
and presumably Asp-20 -* Thr (Table 1, D20N, D20S, and
D20T, respectively; Fig. 1), maintain the main-chain to side-
chain hydrogen bonds present in the native protein (Fig. 2) but
do not suffer the apparent cost of burying a charged group.
Mutant D20A cannot maintain the hydrogen bonds to the
main-chain nitrogens present in the native protein (Fig. 2) and
is destabilized rather than stabilized. Although the activity of
mutant D20A is much diminished compared with native
lysozyme, its activity is higher than the stabilized substitutions,
which have no detectable activity. Like the substitutions at
Glu-11, the stabilizing substitutions at Asp-20 are considerably
stabilized relative to the native protein (Table 1 and Fig. 1);
they too are inactive.
The role of Ser-117 and Asn-132 in ligand recognition seems

to be the formation of hydrogen bonds to the peptide moiety
of the substrate and the reaction product (11). In the native
structure these residues make a short hydrogen bond (2.5 A),
possibly causing steric strain (7, 10). They also flank and help
define the groove that the peptide part of the ligand occupies
in the presumed enzyme-substrate complex. Mutations at
these sites presumably increase protein stability by relieving
the putative strain present in the native structure and by
interacting with residues defining the binding-site groove.
Both mutants S117A (7) and N132A (8) are stabilized relative
to the native protein, consistent with the strain-relief mecha-
nism. Some variants such as mutants S117V and N132M with
larger side chains are further stabilized (Table 1). This result
suggests that interactions between these side chains and sur-
rounding parts of the substrate-binding cleft can also stabilize
mutant lysozymes. By interacting with this groove the substi-
tutions at these residues are competing for the same binding
site and binding energy as the substrate; this leads to more
stable but less active mutant lysozymes (Table 1, Fig. 1).
We believe that the relationship between protein stability

and function is not limited to T4 lysozyme but is a general
phenomenon. Results from several other proteins support this
view. In citrate synthase, mutations of the substrate-binding
residues His-274 and Asp-375 increased enzyme thermal sta-
bility by 4-10°C, concomitantly reducing activity by 3 to 4
orders of magnitude (21). By mutating active-site basic resi-
dues to alanine, Meiering et at (22) stabilized barnase by
0.15-0.64 kcal mol-1, while decreasing activity by 15-99%. In
both cases the authors linked enzymatic strain to protein
activity. Deletion of an active-site loop in staphylococcal

Biochemistry: Shoichet et at



456 Biochemistry: Shoichet et al

nuclease increased protein stability by 2.5 kcal-mol-1 while
reducing Vmnx 40-fold (23); mutations at the catalytic residue
Glu-43 also increased stability while decreasing activity (24).
The active-site mutation Asp-26 -* Ala in thioredoxin im-
proved stability by 1 kcal mol-1 and increased Km 5-fold to
thioredoxin reductase (25). In retinoic acid-binding protein,
active-site mutations Arg-111 -> Gln and Arg-131 -> Gln (26)
decreased ligand binding while improving stability by 3.0 and
3.7 kcalbmol-1. Similar results have been reported for several
other proteins (27-29, 39). In A cro repressor (30), stability has
been significantly improved by substitutions to DNA-binding
residues at the cost of reduced operator affinity. These resi-
dues occur in convex regions of the protein's surface, suggest-
ing that the interplay between stability and function is not
limited to the concave environments typical of enzyme active
sites. The finding that most main-chain conformational strain
occurs in the functional regions of proteins (31) and the view
of enzymes as having an "entatic state" (32) are also consistent
with the hypothesis.

Having begun by stating the stability-function hypothesis in
an admittedly strong and provocative form, we must now
consider some of its limitations. The hypothesis is not intended
to suggest that every substitution of a functional residue will
improve stability-some residues may complement the site
better, whereas others may complement the site worse than the
native residue. An appropriate analogy is that of ligand binding
to an active site. A given active site may bind some molecules
while other molecules will not bind at all. The hypothesis does
not address the degree to which a particular protein is opti-
mized for function or stability. It might be possible to improve
the stability and the activity of a protein with the same
substitution (in practice, single substitutions that improve the
activity of a protein have been rare). In general, the ability to
stabilize a protein by mutating functional residues is con-
strained by the available substitutions. If one is restricted to the
20 naturally occurring amino acids as substitutions, and given
the virtually unlimited chemistry available to ligands, the
hypothesis does not predict that it will always be possible to
improve stability.
We have argued that it is possible to stabilize proteins by

sacrificing their activity. Some may find this perverse. We
briefly sketch three possible applications. (i) Thermostable
proteins from thermophilic bacteria are often less active at low
temperatures than their mesophilic counterparts (33, 34)
which, in turn, seem less active than their psychrophilic
counterparts (35). Higher temperature restores the activity of
the thermostable proteins. It may prove possible to stabilize
proteins through binding-site mutations while retaining suf-
ficient activity for the proteins to be useful at higher temper-
atures. Multi-binding-site proteins could be stabilized by at-
tenuating a function at one site or by sacrificing specificity. (ii)
Engineering a novel binding site or new functionality is
expected to destabilize a protein (36-38). Creating such sites
or functions may require stabilizing the protein in other
regions, possibly at the cost of the protein's normal function.
(iii) A logical inversion of the stability-function hypothesis
suggests that it should be possible to test putative ligand-
binding sites by looking for stabilizing substitutions at such
sites.
The compensation between stability and functional require-

ments may contribute to two striking features of proteins-
their large size and low stability.
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